Introduction {#sec1}
============

Ruthenium compounds belong to the most promising candidates of non-platinum containing metal complexes for cancer therapy. Compared to Pt drugs Ru complexes cause less side effects and resistances against the drug are less likely.^[@ref1]−[@ref3]^ The overall chemical and pharmacokinetic behavior of Ru is quite different from that of Pt compounds,^[@ref4]^ as reflected in extensive protein binding.^[@ref5],[@ref6]^ Imidazolium *trans*-\[tetrachloro(dimethylsulfoxide)(imidazole)ruthenate(III)\] (**13**, NAMI-A),^[@ref7],[@ref8]^ indazolium *trans*-\[tetrachlorobis(1*H*-indazole)ruthenate(III)\] (**1**, KP1019),^[@ref9]−[@ref11]^ its sodium analogue sodium *trans*-\[tetrachlorobis(1*H*-indazole)ruthenate(III)\] (**2**, KP1339),^[@ref9]−[@ref11]^ and Ru(II)-arene^[@ref12]−[@ref17]^ complexes like \[Ru(η^6^-p-cymene)Cl~2~(pta)\] (**14**, RAPTA-C, pta = 1,3,5-triaza-7-phosphatricyclo\[3.3.1.1\]decanephosphine)^[@ref18]^ are the most promising investigational drug candidates up to now. Phase I clinical trials in patients with refractory solid malignancies have successfully been completed for both **13**([@ref19]) and **1**,^[@ref20]^ the latter yielding disease stabilizations in more than half of the patients, and further clinical studies have commenced recently. In general, it is assumed that the Ru(III) complexes serve as prodrugs that are reduced under pathophysiological conditions to Ru(II).^[@ref21]^**13** is a Ru(III) complex mainly active against metastases,^[@ref4],[@ref22]^ and it is assumed that its main site of action is located in the extracellular matrix.^[@ref23]−[@ref25]^ The Ru(II)-arenes are organometallic complexes that are quite stable in the bloodstream, hydrolyzed in the nucleus, and bind to DNA.^[@ref16]^

The Ru complexes **1** (Figure [1](#fig1){ref-type="fig"}) and its Na salt analogue **2** (Figure [1](#fig1){ref-type="fig"}) are the subject of investigation in this work. **1** and **2** differ only in their countercations, indazolium for **1** and Na^+^ for **2**, exhibiting the same Ru(III) coordination sphere \[tetrachlorobis(1*H*-indazole)ruthenate(III)\]^−^. Therefore, their main binding partners in vivo and their mode of action are thought to be very similar.^[@ref6],[@ref26]^ Both are showing antitumor activity exceeding that of Pt compounds or other cytostatic agents, e.g., in colorectal carcinomas in vivo and a variety of primary explanted human tumors in vitro.^[@ref1],[@ref20],[@ref26]^ Fast uptake of **2** by the cell and initiation of apoptosis (indicated by caspase activation) were observed.^[@ref6]^ The uptake mechanism of the two drugs may involve human serum albumin (HSA), the iron transport protein transferrin (Tf), and the Tf receptor, which is overexpressed in tumor cells to meet their increased demand for Fe.^[@ref27],[@ref28]^ A prodrug function is supposed involving reduction of Ru(III) to Ru(II),^[@ref21]^ which is supported by solution studies in the presence of different reductants.^[@ref29]−[@ref31]^ Hypoxia is often seen in solid tumors because of insufficient tumor vascularization. The low oxygen level favors the reduction of Ru(III) and other redox-active substances.^[@ref21],[@ref27]^ The electrochemical potential of Ru(III)/Ru(II) is physiologically accessible, and glutathione (GSH) and single-electron transfer proteins are able to reduce Ru(III) in the presence of NADH.^[@ref27]^ However, the direct determination of the oxidation state, the coordination of the Ru active site, and the mechanism of action in vivo for these and other Ru drugs remains elusive.^[@ref24]^

X-ray absorption spectroscopy (XAS)^[@ref32]^ is an element specific method that allows the investigation of the questioned element in disordered environments missing any long-range order. XAS has proven to be a valuable tool for the speciation of metal centers.^[@ref23],[@ref33]−[@ref35]^ By application of X-ray absorption near edge structure (XANES) analysis, it is possible to determine the oxidation state and coordination of the Ru metal center, whereas extended X-ray absorption fine structure (EXAFS) analysis opens the opportunity to specify the identity, number, and distances of the adjacent atoms.^[@ref35]^ XAS is one method of choice to determine the oxidation state of the metal site in model compounds and especially of metal coordination sites in vivo. For instance Hambley et al.^[@ref36]−[@ref38]^ could monitor activation by reduction of anticancer Pt(IV) compounds inside cells. New reduction pathways of Pt(IV) to Pt(II) species were monitored with XANES by Nemirovski et al.,^[@ref33]^ and the distribution and relative inertness of a Ga(III) compound in biological tissue were investigated in a previous publication.^[@ref39]^

The main obstacle for bio-XAS is the low concentration of the metal in the targeted tissue. To generate spectra with a sufficiently good signal-to-noise ratio, X-ray sources like synchrotrons, with a sufficiently high photon flux in the range of 1 × 10^11^ to 4 × 10^12^ photons per second, are necessary. This high brilliance may cause the reduction of the probed metal through secondary electrons and the degradation of the biological tissue.^[@ref40]−[@ref42]^ These effects can be minimized using low temperature sample environments like helium cooled cryostats at around 20 K.

Ascone et al.^[@ref43]^ studied the reaction of bovine serum albumin (BSA) with **13** and the formation of the respective **13**/BSA adducts by means of the sulfur and chlorine K-edges and the Ru K- and L~3~-edges. Ru K- and L~3~-edge spectra proved unambiguously that the Ru center remains in oxidation state +3 after protein binding. Comparative analysis of the Cl K-edge XAS spectra of **13** and **13**/BSA revealed that the Cl environment is greatly perturbed upon protein binding. In a subsequent study of Liu et al.^[@ref44]^ the binding behavior of **13** to BSA was analyzed by fitting a series of model compounds with known coordination to the unknown Ru(III)-BSA spectrum. The coordination environment of the adduct turned out to be completely different from that of the parent complex **13** with about 60% N and 40% O ligands coordinated to the Ru(III) center.

With a combination of S K-edge and Ru K-edge XAS and density functional theory (DFT) techniques Sriskandakumar et al.^[@ref45]^ studied the activation of Ru(II)-arene complexes through oxygenation and subsequent protonation of the thiolate (SR^--^) ligand. The SR^--^ ligand is oxygenated to sulfinate (SO~2~R^--^) via sulfenate (SOR^--^) and activated through protonation under acidic conditions. The protonation turned out to be a crucial step, which facilitates the dissociation of the SO~2~R^--^ ligand and the DNA binding. The Ru metal center stayed in its Ru(II) state throughout this process and was not affected by the ligand oxygenation. Sadler and co-workers studied the photodissocation of Ru bipyridine complexes and their nucleobase binding with a combination of EXAFS and DFT calculations.^[@ref46]−[@ref49]^ Harris et al.^[@ref50]^ used combined Cl K-edge and Ru L~3~-edge XAS measurements together with DFT calculations to describe the electronic structure properties of a set of four Ru(III) and six Ru(II) complexes with mixed Cl/S/N coordination spheres, among them **1** and **13**. The effect of differing amounts of S (from dimethyl sulfoxide, DMSO) and N (from indazole/imidazole) ligands onto the electronic configuration within each Ru series (III and II) was quite low, and the ligand-to-metal donations reach a limit at around two S, two Cl, and two N ligands. This was ascribed to a so-called trans effect where the σ-donor and π-accepting effects of DMSO S ligands counteract each other. For **1** it was found that the indazole ligands are weaker donors toward Ru than imidazole ones, which is congruent with the proposed activation by reduction mechanism stated for **1** and its easier reduction to Ru(II) compared to the imidazole analogue *trans*-\[tetrachlorobis(1*H*-imidazole)ruthenate(III)\] (KP418).^[@ref30],[@ref51]^ Getty et al.^[@ref52]^ assigned Ru K-edge pre-edge peaks to the centrosymmetric structure of Ru carbene complexes for olefin metathesis. With increasing symmetry of the complexes the pre-edge peaks got weakened, which was ascribed to a lowered Ru 4d--5p orbital mixing.

Even though **1** and **2** are known to undergo hydrolysis (facilitating further ligand exchange reactions) and to be redox-active, both of which are features proposed to be significant for the mechanism of action, neither coordination nor redox condition of **1**/**2** after biotransformation in biological systems has been examined because of the lack of appropriate analytical methods. XAS is the method of choice that possesses a high value as a method for elucidation of the structure of metal coordination centers in biological environments. The aim of this work is to apply XAS to investigate the tumor-inhibiting Ru compound **1** in citrate saline buffer (CS buffer) at pH 3.5 within different time intervals, in the presence of the reducing agent GSH, in carbonate buffer in the presence of the possible transport protein apo-transferrin (apoTf), and as a powder. XANES spectra were recorded on tissue samples from mice treated with **1** and **2**. Micro X-ray fluorescence (micro-XRF) maps were taken from tumor tissue samples taken from mice treated with **2**. Additionally model compounds representing possible coordinations and oxidation states in vivo were measured as references. This study is designed to make a contribution toward the fundamental understanding of the biotransformation of Ru compounds in vivo and the underlying principle of "activation by reduction" which has to be evaluated.

![Structural formulas of the model compounds.](jm-2012-01648f_0002){#fig1}

Results {#sec2}
=======

XANES Spectra of the Model Compounds {#sec2.1}
------------------------------------

The following model compounds were investigated with XAS: **1** (with first coordination shell Ru(III)Cl~4~N~2~),^[@ref9]−[@ref11]^ ruthenium(III) acetylacetonate (**3**, Ru(III)O~6~, Sigma Aldrich, CAS 14284-93-6, 97%),^[@ref53],[@ref54]^ hexammineruthenium(III) trichloride (**4**, Ru(III)N~6~, Sigma Aldrich, CAS 14282-91-8, 99%),^[@ref55]^*mer*,*trans*-aquatrichloridobis(indazole)ruthenium(III) (**5**, KASC003, Ru(III)Cl~3~N~2~O),^[@ref56]^*trans*,*trans*-dichloridotetrakis(indazole)ruthenium(III) chloride (**6**, GABU129, Ru(III)Cl~2~N~4~),^[@ref27]^*mer*-trichloridotris(indazole)ruthenium(III) (**7**, GUPL328, Ru(III)Cl~3~N~3~),^[@ref57]^ hexammineruthenium(II) dichloride (**8**, Ru(II)N~6~, Sigma Aldrich, CAS 15305-72-3, 99.9%),^[@ref58]^*mer*,*trans*-trichlorido(dimethylsulfide)bis(indazole)ruthenium(III) (**9**, FLAN005, Ru(III)Cl~3~N~2~S),^[@ref59]^*trans*,*trans*-dichloridotetrakis(indazole)ruthenium(II) (**10**, GABU128, Ru(II)Cl~2~N~4~),^[@ref27]^*mer*-trichloridotris(ethylphenylsulfide)ruthenium(III) (**11**, FLAN006, Ru(III)Cl~3~S~3~),^[@ref60]^*trans*,*trans*,*trans*-dichloridobis(dimethylsulfide)bis(indazole)ruthenium(II) (**12**, FLAN004, Ru(II)Cl~2~N~2~S~2~).^[@ref59]^ All spectra were collected at 20 K. The structural formulas are shown in Figure [1](#fig1){ref-type="fig"}.

The XANES spectra of the model compounds and their corresponding first derivatives are presented in Figure [2](#fig2){ref-type="fig"}. In Figure [2](#fig2){ref-type="fig"}A the Ru(II) model compounds are shown. Figure [2](#fig2){ref-type="fig"}B exhibits Ru(III) compounds with mixed Cl/N first shell ligand atoms (including **1**). Figure [2](#fig2){ref-type="fig"}C displays compounds with O or S containing first shells. Within the same Ru oxidation state the edge energies increase with increasing electronegativity of the first shell atoms (see Table [1](#tbl1){ref-type="other"}). Model compounds with the same first shells show an edge shift of about +2 eV from Ru(II) to Ru(III) (see **8**/**4** and **10**/**6**). The absence of any distinct pre-edge feature implies a centrosymmetric coordination of the here investigated Ru compounds.^[@ref52]^

The edge energies observed in this study span a range of about 6 eV, with **1** occupying an energy position right in the middle. The bottom limit is marked by the S containing **12** in its oxidation state +2, and the upper boundary is represented by **3** with six O ligands and an oxidation state of +3. Comprising the highest amount of four Cl atoms, **1** occupies the lowest energy position within the Ru(III) models, exhibiting only Cl/N atoms in the first shells. The models **1**, **3**, and the Ru hexammine compounds **8** and **4**, in both oxidation states, exhibit a characteristic edge shoulder.

###### Edge Energies and Calculated Coordination Charges of the Model Compounds, **1** in Solution, and the Liver and Tumor Samples[a](#tbl1-fn1){ref-type="table-fn"}

  compd                             first coord shell     coord    edge energy \[eV\]   Δ*E* to **1** \[eV\]   η~AR~
  --------------------------------- --------------------- -------- -------------------- ---------------------- ---------
  **3**                             Ru^3+^O~6~            octah    22126.6              +3.3                   +1.008
  **4**                             Ru^3+^N~6~            octah    22125.2              +1.9                   +0.090
  **5**                             Ru^3+^Cl~3~ON~2~      octah    22124.0              +0.7                   --0.141
  **6**                             Ru^3+^Cl~2~N~4~       octah    22124.0              +0.7                   --0.166
  **7**                             Ru^3+^Cl~3~N~3~       octah    22123.7              +0.4                   --0.294
  **1**                             Ru^3+^Cl~4~N~2~       octah    22123.3              ±0.0                   --0.422
  **8**                             Ru^2+^N~6~            octah    22123.0              --0.3                  --0.910
  **9**                             Ru^3+^Cl~3~N~2~S      octah    22122.7              --0.6                  --0.588
  **10**                            Ru^2+^Cl~2~N~4~       octah    22122.2              --1.1                  --1.166
  **11**                            Ru^3+^Cl~3~S~3~       octah    22121.3              --2.0                  --1.176
  **12**                            Ru^2+^Cl~2~N~2~S~2~   octah    22120.5              --2.8                  --1.754
  **1** in CS buffer                                      30 min   22124.4              +1.1                    
  **1** in CS buffer                                      4 h      22124.4              +1.1                    
  **1** in CS buffer                                      8 h      22121.9              --1.4                   
  **1** with GSH/CS buffer                                5 h      22122.0              --1.3                   
  **1** in carb buffer                                    30 min   22125.2              +1.9                    
  **1** with apoTf/carb buffer                            30 min   22126.7              +3.4                    
  C1-liver (15 mg/kg of **1**)                                     22124.5              +1.2                    
  C1-tumor (15 mg/kg of **1**)                                     22124.4              +1.1                    
  B2-liver (7.5 mg/kg of **1**)                                    22124.4              +1.1                    
  B2-tumor (7.5 mg/kg of **1**)                                    22124.4              +1.1                    
  148-1-liver (40 mg/kg of **2**)                                  22124.4              +1.1                    
  148-1-tumor (40 mg/kg of **2**)                                  22124.5              +1.2                    
  B1-liver (40 mg/kg of **2**)                                     22124.4              +1.1                    
  F1-liver (40 mg/kg of **2**)                                     22124.4              +1.1                    

η~AR~ coordination charges calculated according to the Allred--Rochow scale.

![Normalized spectra of the model compounds and their corresponding first derivatives with a Ru(II) center (A), mixed Cl/N first shells (B), and O or S containing first shells (C).](jm-2012-01648f_0003){#fig2}

EXAFS Spectra of the Model Compounds {#sec2.2}
------------------------------------

The *k*^3^ weighted EXAFS spectra and the Fourier transforms (FT) of the Ru model compounds are shown in Figure [3](#fig3){ref-type="fig"}. In Figure [3](#fig3){ref-type="fig"}A the fine structures and the non-phase-shifted FT of the models containing a Ru(II) center are shown. Figure [3](#fig3){ref-type="fig"}B shows the fine structures and FT of the Ru(III) compounds with mixed Cl/N first shells, and Figure [3](#fig3){ref-type="fig"}C shows the one for the models containing O or S in their first shell around the Ru(III) center.

The amplitudes of the fine structure oscillations and the FT magnitudes increase with a growing amount of heavy Cl and S scatterers. **11** shows the strongest *k*-space oscillations and FT magnitudes. For compounds with mixed N/O/Cl/S first shells and increasing number of N and/or O ligands a splitting of the first peak in the FT is observable. The Ru(II) compounds **10** and **12** have the largest Cl/N bond length differences and show the strongest peak splitting. The backscattering amplitudes of the heavy scatterers like S and Cl and the light scatterers like N and O are out of phase.^[@ref61]^ For **10** this cancellation leads to a node between 7 and 9 Å^--1^ seen in Figure [3](#fig3){ref-type="fig"}A (red dashed curve). The Ru(III) analogue **6** has the same features between 8 and 10 Å^--1^ seen in Figure [3](#fig3){ref-type="fig"}B (red dashed curve). The shift of this feature is mainly attributed to the shortened Cl bond lengths of the higher oxidized **6**.

The fitting analysis using FEFF^[@ref62],[@ref63]^ was restricted to the first coordination shell extracted from the first peak in the FT. The identity and number of backscatterers were fixed to the crystallographic values not to exceed the number of fitting parameters, and the known distances were taken as a starting point for the fitting analysis. The results of the first shell fits of the model compounds using theoretical amplitudes and phases provided by the FEFF code are presented in the [Supporting Information](#notes-1){ref-type="notes"} (Table S2), as well as the results for the DL-EXCURV^[@ref64]^ fits ([Table S3](#notes-1){ref-type="notes"}). The distances are given as the average fitted distances for each atom type/shell (Cl/S, O/N, and N/C). For **6** and **10** the second shell scatterers 4 N and 4 C at about 3 Å were included in the FEFF fit, as they had a significant influence on the first shell spectral features. The curve fitting results obtained by FEFF and DL-EXCURV are both in good agreement with the crystallographic data. Thus, the reliability of the amplitude and phase shift extracted from the model compounds is confirmed.

![Extracted fine structures and Fourier transforms of the model compounds with a Ru(II) center (A), a mixed Cl/N first shell (B), and a O or S containing first coordination shell (C).](jm-2012-01648f_0004){#fig3}

Coordination Charge versus Edge Position {#sec2.3}
----------------------------------------

In previous articles a correlation between the coordination charge and a distinct spectral edge feature could be shown.^[@ref65]−[@ref69]^ In this study the edge position determined over the first maximum in the first derivative was chosen as the point of reference. The electronegativity values according to the Allred/Rochow tables were used in the calculations.^[@ref70]^ The calculated ionicities and corresponding degrees of covalence of the elements occurring in the first shells of the models are presented in Table [2](#tbl2){ref-type="other"}. In Table [1](#tbl1){ref-type="other"} the coordination charges and corresponding edge energies are listed. The ruthenium model compounds are listed in order of their observed edge positions. In Figure [4](#fig4){ref-type="fig"} the calculated coordination charges versus the experimentally determined Ru K-edge positions are shown.

The edge energy of **1** in boron nitride (BN) was set as an arbitrary origin and lies right in the middle of the observed edge energy range. A straight line was regressed with a coefficient of determination *R*^2^ = 0.95, demonstrating a linear correlation between the coordination charge and the edge positions. The compounds containing Ru(II) and/or S are on the left (lower energy) side, and the compounds containing Ru(III), N, and O are on the right (higher energy) side. This correlation is the basis for the further interpretation of the coordination mode of Ru compounds in biological samples and in the presence of potential transport proteins.

###### Calculated Ionicities *I*~AR~ and Covalencies *c*~AR~ for O, N, Cl, and S According to the Allred--Rochow^[@ref70]^ Scale[a](#tbl2-fn1){ref-type="table-fn"}

                        Allred--Rochow   
  ---------- ---- ----- ---------------- -------
  oxygen     8    3.5   0.668            0.332
  nitrogen   7    3.1   0.515            0.485
  chlorine   17   2.8   0.387            0.613
  sulfur     16   2.4   0.221            0.779

*Z*, atomic number; χ~AR~, electronegativity according to Allred--Rochow; *I*~AR~, calculated ionicity; *c*~AR~ calculated covalency.

![Calculated coordination charge η~AR~ according to the Allred--Rochow scale in comparison to the observed edge energies of the XANES spectra.](jm-2012-01648f_0005){#fig4}

XANES Spectra of **1** in CS Buffer (pH 3.5, 30 min, 4 h, 8 h, 5 h with GSH) {#sec2.4}
----------------------------------------------------------------------------

In Figure [5](#fig5){ref-type="fig"}A the XANES spectra of **1** in BN, suspended in CS buffer and in the presence of GSH (5-fold excess, CS buffer, pH 3.5), are shown. **1** was incubated at 37 °C for 30 min, 4 h, 8 h, and 5 h in the presence of GSH. The spectra of **1** after 30 min and 4 h of incubation are shifted by +1.1 eV to higher energies than **1** in BN. After 8 h of incubation of **1** in CS buffer and 5 h in the presence of GSH, both spectra are shifted significantly to lower energies by −1.4 and −1.3 eV, respectively. The CS buffer spectra, after 30 min and 4 h, lost the edge shoulder at 22 130 eV present in the solid sample of **1**. The nearest model compound edge positions to these solution spectra (Δ*E* = +1.1 eV) are those with Ru(III)Cl~2~N~4~ and Ru(III)Cl~3~ON~2~ first coordination shells. The shift in energy suggests that an average exchange of one Cl ligand with an O atom arising from the buffer solution or a N atom from indazole (deprotonated indazolium) took place. The indazolium cation has a p*K*~a~ of 1.25 which enables deprotonation and opens the possibility to act as a N donor at pH 3.5. This coordination environment proved to be stable up to 4 h, and the reduction to Ru(II) is not assumed. In the Ru(II) state an edge shift of +1.1 eV would only be possible through the exchange of all ligands by O arising from the buffer solution. The spectrum of **1**, after 8 h, is shifted to lower energies by −1.4 eV. In comparison to the solution spectrum of **1** after 4 h a shift of −2.5 eV is seen. This demonstrates fundamental changes in the first coordination environments around the Ru center. In the presence of GSH the spectrum is shifted to the low energy positions in the region of the Ru(II) and Ru(III) S containing model compounds. Least square fits (LSF) were performed to suggest the most likely first coordination modes.

![(A) Normalized XANES spectra and first derivative of **1** in BN, **1** in CS buffer (after 30 min, 4 h, and 8 h) and in CS buffer in the presence of the reducing agent GSH (after 5 h). (B) **1** in CS buffer (30 min) and carbonate buffer (30 min) and in carbonate buffer in the presence of apoTf (30 min). (C) Normalized XANES spectra and first derivatives of the tumor and liver samples.](jm-2012-01648f_0006){#fig5}

LSF of **1** in CS Buffer (pH 3.5, 30 min, 4 h, 5 h with GSH) {#sec2.5}
-------------------------------------------------------------

LSF to **1** in CS buffer (30 min, 4 h) and in the presence of GSH (5 h) was performed using the solid state spectra of **1**, **4**, **5**, **6**, **9**, **10**, and **12**. The fit results are shown in Table [3](#tbl3){ref-type="other"} and were analyzed according to the goodness of fit parameters χ^2^ and χ^2^~red~, the shift in energy Δ*E*, and the scaling factor Σ~C~. The best fits for each sample are highlighted in bold-face. The best fits to **1** (30 min, 4 h) could be achieved with **5**. An exchange of an average of one Cl atom for an O from the buffer solution or N from indazole (deprotonated countercation) are two possible scenarios. In the presence of GSH the spectra of **9** and **12** gave similar results in the goodness of fit parameters but with opposite edge shift variances. This points toward a Ru(II)(Cl/S)~4~N~2~ coordinated species, which would best match the experimental data, but a Ru(III)ClS~3~N~2~ cannot be ruled out.

###### LSF of Model Compounds **1**, **4**, **5**, **6**, **9**, **10**, and **12** to the Spectrum from **1** Suspended in CS Buffer (30 min, 4 h) in the Presence of GSH in CS Buffer (5 h) and in the Presence of apoTf (30 min)[a](#tbl3-fn1){ref-type="table-fn"}

                                                       model compounds                                                                           
  ---------------------------------------- ----------- ----------------- ----------- --------------- --------------- --------------- ----------- ---------------
  **1** in CS buffer 30 min                χ^2^        1.212             1.343       **0.173**       0.740           1.077           1.030       1.645
                                           χ^2^~red~   0.00061           0.00067     **0.00008**     0.00037         0.00054         0.0051      0.00082
                                           Δ*E*        --1.06            0.38        **--0.21**      --0.23          --1.28          --1.40      --2.98
                                           Σ~C~        1.0076(6)         0.9862(7)   **0.9919(2)**   0.9957(5)       1.0258(6)       1.0037(6)   1.0147(7)
  **1** in CS buffer 4 h                   χ^2^        0.347             2.777       **0.347**       1.607           0.599           1.811       1.474
                                           χ^2^~red~   0.00017           0.00140     **0.00017**     0.00080         0.00030         0.00091     0.00074
                                           Δ*E*        --1.27            0.17        **--0.47**      --0.53          --1.57          --1.70      --3.21
                                           Σ~C~        0.9920(3)         0.970(1)    **0.9764(3)**   0.9801(7)       1.0104(5)       0.9884(8)   1.0014(7)
  **1** with GSH in CS buffer 5 h          χ^2^        3.406             6.447       2.774           3.798           **0.811**       3.262       **0.685**
                                           χ^2^~red~   0.00170           0.00323     0.00139         0.00190         **0.00041**     0.00163     **0.00034**
                                           Δ*E*        0.91              2.02        1.64            1.61            **0.66**        0.54        **--1.10**
                                           Σ~C~        1.000(1)          0.980(1)    0.9851(9)       0.988(1)        **1.0190(5)**   0.996(1)    **1.0094(5)**
  **1** in carb buffer 30 min              χ^2^        2.452             1.317       **0.331**       **0.312**       1.745           0.945       2.371
                                           χ^2^~red~   0.00123           0.00066     **0.00017**     **0.00016**     0.00087         0.00047     0.00119
                                           Δ*E*        --1.80            --0.49      **--0.99**      **--1.02**      --2.02          --2.13      --3.79
                                           Σ~C~        1.0185(9)         0.9982(6)   **1.0032(3)**   **1.0072(3)**   1.0369(8)       1.0149(5)   1.0275(9)
  **1** with apoTf in carb buffer 30 min   χ^2^        5.650             0.961       1.894           **0.648**       4.238           1.618       6.878
                                           χ^2^~red~   0.00283           0.00048     0.00095         **0.00032**     0.00212         0.00081     0.00344
                                           Δ*E*        --2.12            --0.87      --1.32          **--1.29**      --2.19          --2.18      --2.93
                                           Σ~C~        1.028(1)          1.0093(6)   1.0134(8)       **1.0174(5)**   1.046(1)        1.0242(7)   1.031(1)

χ^2^ is the goodness of fit parameter scaled to the estimated uncertainty. χ^2^~red~ is χ^2^ divided by the number of free parameters. Δ*E* accounts for the energy shift of the sample data. Σ~C~ is the sum of the fitted components and is the scaling factor applied to the fitted spectrum. The best fit is highlighted in boldface.

XANES Spectra of **1** in Carbonate Buffer (pH 7.4, 30 min without and with apoTf) {#sec2.6}
----------------------------------------------------------------------------------

In Figure [5](#fig5){ref-type="fig"}B the normalized XANES spectra and first derivatives of **1** suspended in carbonate buffer (30 min, 37 °C) and in carbonate buffer in the presence of apoTf (30 min, 37 °C) are shown. For comparison the spectrum of **1** in CS buffer (pH 3.5) is shown as well. The spectrum of **1** in carbonate buffer is shifted by +1.7 eV to higher energies, which is slightly more than **1** in CS buffer (+1.1 eV). The spectrum of **1** in the presence of apoTf is shifted even further to a higher energy position (+3.3 eV). This immense shift to positive energies is mostly due to the change in edge shape. When introducing a horizontal line at the ordinate value corresponding to the edge energy of the carbonate buffer spectra, a change to the apoTf spectrum results in an energy displacement of about +0.5 eV. This suggests the exchange of additional Cl ligands by O or N, thus resulting in a first shell with a high content in O/N in the presence of apoTf (see Figure [7](#fig7){ref-type="fig"}).

LSF of **1** in Carbonate Buffer (pH 7.4, 30 min without and with apoTf) {#sec2.7}
------------------------------------------------------------------------

LSF on **1** in carbonate buffer (30 min) and in the presence of apoTf (30 min) was done in the same way as described for **1** dissolved in CS buffer. The best fitting results are highlighted in boldface in Table [3](#tbl3){ref-type="other"}. The best fits to **1** in the carbonate buffer solution were achieved with **5** and **6**. In the presence of apoTf the best fit was attained with a coordination of Ru(III)Cl~2~N~4~. Proposed structural motifs are presented in Figure [7](#fig7){ref-type="fig"}. In a subsequent step linear combination analysis (LCA) was performed on the solution spectra.

LCA of Solution Spectra with **3**, **4**, and **11** {#sec2.8}
-----------------------------------------------------

LSF of **3**, **4**, and **11** and combinations of them has been performed on **1** in BN, **1** in CS buffer at pH 3.5 (4 and 5 h with GSH), and **1** in carbonate buffer at pH 7.5 (30 min with and without apoTf). **11** was taken as a model for a RuCl~6~/S~6~ species. The LCA with RuO~6~, RuN~6~, and RuCl~3~S~3~ environments resembles the known first coordination shell of solid **1** very well. After 4 h in CS buffer at 37 °C a decrease to an overall coordination of Ru to about 3 N and 3 Cl in solution is seen by LCA. After an incubation of 5 h in CS buffer in the presence of GSH a ratio of 2 N to 4 Cl/S gave the best fitting results. In the presence of apoTf the best LCA fits were obtained with a first shell environment dominated by O/N and a small proportion of Cl. The proposed first shell coordinations are presented in Figure [7](#fig7){ref-type="fig"}, and the fitting results are shown in the [Supporting Information](#notes-1){ref-type="notes"} (Table S4).

XANES Spectra of the Tissue Samples {#sec2.9}
-----------------------------------

XANES spectra of tumor and liver samples from mice treated with **1** or **2** were collected in fluorescence mode at 20 K with an unfocused beam. Because of the low concentration of Ru in the biological tissue, data collection was restricted to the XANES region. The normalized XANES spectra and the corresponding first derivatives of the tumor and liver samples from mice are shown in Figure [5](#fig5){ref-type="fig"}C. The samples were taken from mice treated with different concentrations and application schemes of **1** and **2** (details for drug administration see [Supporting Information](#notes-1){ref-type="notes"}).

The edge positions of the XANES spectra taken from all tumor and liver material are around 22 124.4 eV within 0.1 eV deviation (see Table [1](#tbl1){ref-type="other"}). Because of the low signal strength, the changes in the edge positions are within the statistical error and there is no evidence for a change in comparison of all measured tissue spectra. The Ru K-edge XANES spectra taken from liver and tumor samples are highly similar, which indicates the same local coordination around the Ru center. The apparent coordination charge of the Ru center of **1** and **2** in the tissue is similar to **1** in CS buffer after 30 min and 4 h of incubation at 37 °C. Principal component analysis (PCA) was performed to confirm the high similarities seen within the probed tissue samples. LSF was used to propose a possible coordination and oxidation state pairing for the chemical constitution in tissue.

PCA and LSF of the Tissue Samples {#sec2.10}
---------------------------------

In the following tissue XANES spectra were studied applying PCA to give a statistical foundation for possible coordinations in vivo.^[@ref71]^ PCA was performed taking all tissue sample spectra into account. The variance within all tissue samples could be described to an extent of 98% with the first principal component. The target transforms of the model compounds **1**, **4**, **5**, **6**, and **7** to the vector subspace of the first principal component are presented in the [Supporting Information](#notes-1){ref-type="notes"} (Figure S1, not for **4**). Obviously **1** and **4** gave the worst results with SPOIL factors of 10.22 and 9.00, which are well above an acceptable value. As described in Webb et al.^[@ref72]^ and in Malinowski et al.,^[@ref73]^ a SPOIL factor below 6 is acceptable and below 3 would be a good result.

The model compounds **7**, **5**, and **6** reach values of 4.95, 5.31, and 5.49, respectively (see Table [4](#tbl4){ref-type="other"}). All other reference compounds measured in this study are far away from an acceptable result. On basis of the target transformation results, LSF to each tissue sample was conducted. The outcomes of the LSF of **4**, **5**, **6**, and **7** to the tissue sample spectra are summarized in Table [5](#tbl5){ref-type="other"}. Fits based on solid **1** to each tissue sample are included in this study as well. The best values based on the statistical misfit χ^2^, χ^2^~red~, and energy shift Δ*E* were achieved with **5** and **7**. These two fits are nearly identical, whereas **5** shows the smallest edge shift and **7** a lower statistical misfit. The fits with **6** are slightly worse in all fitting parameters. During the fits, the samples were shifted in energy with respect to the reference compounds. The shift in energy Δ*E* of the fitted samples was between −0.39 and +0.39 eV. The fits of **5** to B2-liver and B2-tumor are coplotted in the [Supporting Information](#notes-1){ref-type="notes"} (Figure S2).

The edge position of the tissue samples is indicated by the vertical blue line in Figure [4](#fig4){ref-type="fig"}. This shift is slightly above the one for **5** and **6**. For the tissue samples Ru(III)Cl~3~N~2~(O/N) is proposed as a possible first shell environment for the majority of the **1** and **2** molecules, which are dominating the XAS signals. Nevertheless a Ru(II) species with a high O and/or N content in the first coordination sphere as in Ru(II)ClN~2~(O/N)~3~ cannot be ruled out.

###### Target Transformations of **1**, **4**, **5**, **6**, and **7**[a](#tbl4-fn1){ref-type="table-fn"}

  parameter    **1**     **4**     **5**         **6**     **7**
  ------------ --------- --------- ------------- --------- -------------
  χ^2^         1.463     1.162     **0.413**     0.438     **0.336**
  *R*~value~   0.00186   0.00144   **0.00051**   0.00055   **0.00045**
  SPOIL        10.22     8.99      **5.31**      5.49      **4.95**

χ^2^ is the goodness of fit parameter scaled to the estimated uncertainty. *R*~value~ is a measure of the percent misfit. SPOIL factor is an arbitrary defined value for the goodness of fit and should be below 6. The best fit is highlighted in boldface.

###### LSF of Model Compounds **1**, **4**, **5**, **6**, and **7** to Tissue Sample Spectra from Mice Treated with **1** or **2**[a](#tbl5-fn1){ref-type="table-fn"}

                                **1**       **4**       **5**           **6**       **7**
  ----------------------------- ----------- ----------- --------------- ----------- ---------------
  B2-Liver, 7.5 mg/kg **1**                                                         
  χ^2^                          2.244       1.447       **0.696**       0.671       **0.605**
  χ^2^~red~                     0.00112     0.00072     **0.00035**     0.00034     **0.00030**
  Δ*E*                          --0.70      0.73        **0.20**        0.24        **--0.17**
  Σ~C~                          0.9688(9)   0.9485(7)   **0.9536(4)**   0.9568(5)   **0.9583(4)**
  B2-Tumor, 7.5 mg/kg **1**                                                         
  χ^2^                          1.974       1.749       **0.953**       1.124       **0.817**
  χ^2^~red~                     0.00099     0.00087     **0.00048**     0.00056     **0.00041**
  Δ*E*                          --0.94      0.59        **--0.01**      0.04        **--0.39**
  Σ~C~                          0.9680(8)   0.9469(8)   **0.9523(6)**   0.9555(6)   **0.9571(5)**
  C1-Liver, 15 mg/kg **1**                                                          
  χ^2^                          2.634       2.464       **1.214**       1.374       **1.030**
  χ^2^~red~                     0.00132     0.00123     **0.00061**     0.00069     **0.00052**
  Δ*E*                          --0.58      0.85        **0.34**        0.39        **--0.03**
  Σ~C~                          0.9690(9)   0.9486(9)   **0.9537(6)**   0.9568(7)   **0.9583(6)**
  C1-Tumor, 15 mg/kg **1**                                                          
  χ^2^                          2.339       1.643       **0.988**       1.096       **0.877**
  χ^2^~red~                     0.00117     0.00082     **0.00049**     0.00055     **0.00044**
  Δ*E*                          --0.85      0.64        **0.11**        0.17        **--0.27**
  Σ~C~                          0.9621(9)   0.9414(7)   **0.9464(6)**   0.9495(6)   **0.9512(5)**
  B1-Liver, 40 mg/kg **2**                                                          
  χ^2^                          2.097       1.580       **0.728**       0.679       **0.591**
  χ^2^~red~                     0.00105     0.00079     **0.00036**     0.00034     **0.00030**
  Δ*E*                          --0.76      0.62        **0.08**        0.08        **--0.30**
  Σ~C~                          0.9657(8)   0.9455(7)   **0.9525(5)**   0.9543(5)   **0.9555(5)**
  F1-Liver, 40 mg/kg **2**                                                          
  χ^2^                          2.070       1.534       **0.660**       0.634       **0.523**
  χ^2^~red~                     0.00104     0.00077     **0.00033**     0.00032     **0.00027**
  Δ*E*                          --0.72      0.70        **0.14**        0.16        **--0.23**
  Σ~C~                          0.9681(8)   0.9477(7)   **0.9530(5)**   0.9564(5)   **0.9577(4)**
  148-1-Liver, 40 mg/kg **2**                                                       
  χ^2^                          1.871       1.874       **0.713**       0.910       **0.523**
  χ^2^~red~                     0.00094     0.00094     **0.00036**     0.00046     **0.00026**
  Δ*E*                          --0.96      0.47        **--0.09**      --0.09      **--0.47**
  Σ~C~                          0.9627(8)   0.9421(8)   **0.9475(5)**   0.9509(6)   **0.9523(4)**
  148-1-Tumor, 40 mg/kg **2**                                                       
  χ^2^                          2.680       1.820       **1.156**       1.016       **0.987**
  χ^2^~red~                     0.00134     0.00091     **0.00058**     0.00051     **0.00049**
  Δ*E*                          --0.70      0.71        **0.20**        0.22        **--0.17**
  Σ~C~                          0.955(1)    0.9343(8)   **0.9393(6)**   0.9427(6)   **0.9441(6)**

χ^2^ is the goodness of fit parameter scaled to the estimated uncertainty, red. χ^2^~red~ is χ^2^ divided by the number of free parameters. Δ*E* accounts for the energy shift of the sample data, and Σ~C~ is the sum of the fitted components and is the scaling factor applied to the fitted spectrum. The best fit is highlighted in boldface.

Micro-XRF Maps of the Tissue Samples {#sec2.11}
------------------------------------

Tumor (SW480) samples of mice treated with **2** were scanned with a X-ray beam focused to 10 μm. The resulting maps give an overview of the elemental distribution patterns of ruthenium, iron, copper, and zinc in a defined region of the tumor. In Figure [6](#fig6){ref-type="fig"} the 924 × 660 μm^2^ micro-XRF maps of Ru, Fe, Cu, and Zn of one SW480 tumor (mouse 148-1) sample are presented. The scanned region is indicated by a rectangle in the pictures in the top row. Picture A is the scanned 10 μm thin section on Ultralene film, and picture B is the consecutively cut hematoxylin and eosin (H & E) stained 5 μm thin section mounted on a glass slide. The concentrations of all four elements are highest in the region of the blood vessels and in the edge regions of the tissue. The concentrations drop when going into the closer packed tissue regions. In contrast to the Fe, Cu, and Zn distribution, Ru shows a more disperse pattern with hotspots apart from the predominantly higher concentrated areas. The correlation between the Ru distribution pattern and the Fe one is of the same order of magnitude as between Ru/Cu or Ru/Zn. This opens the question of whether physiological pathways other than the Fe-dependent ones are involved in the Ru transport as well.

![Micro-XRF maps of Ru, Fe, Cu, and Zn. The scanned regions are indicated by the rectangle in the pictures in the top row. The scatter peak and the transmitted signal (the data show a total variation of ≤3%) are shown as well. In the top left is shown a picture of the scanned 10 μm thin section. In the top right is shown a picture of the consecutively cut H & E stained 5 μm thin section.](jm-2012-01648f_0007){#fig6}

Discussion {#sec3}
==========

XANES analysis has been applied to propose a first coordination environment of an investigational anticancer drug in CS buffer (pH 3.5) and carbonate buffer (pH 7.4), in carbonate buffer in the presence of apoTf, in CS buffer in the presence of GSH, and in the target tissue. The concept of the coordination charge was applied to the model compounds, and a linear correlation between the coordination/oxidation state and the observed edge energies was established. This was the basis for the further interpretation of the spectra of **1** in solution and in biological samples. The proposed oxidation states and coordinations are summarized in Figure [7](#fig7){ref-type="fig"}.

![Proposed oxidation state and first shell coordination of **1** in CS buffer (4 h), in liver and tumor tissue, in CS buffer in the presence of GSH and in carbonate buffer in the presence of apoTf (top). Results are from LCA analysis (bottom).](jm-2012-01648f_0008){#fig7}

**1** in CS Buffer (30 min, 4 h, and 8 h, pH 3.5) and Carbonate Buffer (30 min, pH 7.4) {#sec3.1}
---------------------------------------------------------------------------------------

The spectra collected on **1** suspended in CS buffer (30 min, 4 h at 37 °C, pH 3.5) suggest the dissociation of an average of one Cl ligand and a change of the first shell environment from Ru(III)Cl~4~N~2~ to Ru(III)Cl~3~ON~2~. This coordination turned out to be prevalent up to 4 h of incubation, and **1** is suggested to remain in its oxidation state Ru(III). This can be interpreted by an average exchange of one Cl ligand for an O atom from the buffer solution or a N atom from indazole formed by deprotonation of the indazolium cation at pH 3.5. A possible N coordination is unique for **1** because of its chemical composition including an indazolium countercation. After 8 h in CS buffer at 37 °C a significant change in the XANES spectra was seen, which is proof of a further transformation of the compound in solution. At pH 7.4 and 37 °C in carbonate buffer, the results of this XAS study are pointing toward an average exchange of at least one Cl ligand after 30 min of incubation as well. The Cl ligand can be exchanged for an O atom arising from water, an O atom from carbonate, or a N ligand from indazole. Compared to the 1 mM concentrated indazolium countercation, the possible O donors are much higher concentrated in the buffer solution. The hydrolyzing reactions of **1** were studied previously by high performance capillary electrophoresis (HPCE), high performance liquid chromatography--mass spectrometry (HPLC--MS), and capillary zone electrophoresis inductively coupled plasma mass spectrometry (CZE-ICP-MS).^[@ref74],[@ref75]^**1** turned out to be the most labile complex in comparison to **13** and **14**.^[@ref75]^ The half-life of **1** in buffer solution (10 mM phosphate buffer, 100 mM NaCl, pH 7.4) was determined to be 17.1 min.^[@ref75]^ In water **1** was hydrolyzed to about 2% within 2 h. The half-life in buffered solutions at 37 °C turned out to be much smaller with values of 5.5 h (pH 6.0) and \<0.5 h (pH 7.4).^[@ref74]^ Altogether the stability of **1** is strongly dependent on the pH of the buffer used, with the highest stability in solutions of low pH.^[@ref74]^

**1** in the Presence of GSH (CS Buffer, pH 3.5) {#sec3.2}
------------------------------------------------

Ru(III), like Pt(IV), can be reduced by GSH under physiological conditions, and the resulting Ru(II) complexes maintain their octahedral ligand set.^[@ref24],[@ref76]^ An energy shift of −1.4 eV in comparison to solid **1** was found after 5 h of incubation in CS buffer in the presence of GSH (5-fold excess, 37 °C, pH 3.5). Because of the 5-fold excess of GSH and the shift to lower energies, an adduct formation between **1** and GSH accompanied by a reduction to Ru(II) is very likely, with a first coordination environment of Ru(II)Cl~3~SN~2~. An unchanged Ru(III) center with a Ru(III)ClS~3~N~2~ coordination would also match the seen shift in energy (see Figure [7](#fig7){ref-type="fig"}). Reduction by GSH has previously been reported for \[Cr(VI)O~4~\]^2--^ to a GSH bis-ligated chromium(V)-GSH complex.^[@ref23]^

**1** in the Presence of apoTf (Carbonate Buffer, pH 7.4) {#sec3.3}
---------------------------------------------------------

**1** binds to Tf and is released from the protein supposedly after reduction to Ru(II) by biological reductants, and the interference with the Fe metabolism is assumed.^[@ref24],[@ref76],[@ref77]^ In the presence of apoTf, **1** incubated for 30 min in carbonate buffer (pH 7.4) shows a slightly higher edge position than **1** in carbonate buffer without apoTf. This is explainable by the exchange of additional Cl through O and/or N ligands, whereas the Ru center stays in its Ru(III) state (see Figure [7](#fig7){ref-type="fig"}). It cannot be stated without any doubt if the exchanged ligands are arising from the buffer solution or are due to the binding of apoTf. In view of the more positive shift in energy in the presence of apoTf at the same incubation conditions the ligand exchange is possibly due to an interaction with apoTf. A consecutive binding of carbonate and apoTf to the Ru(III) center is a possible pathway, resulting in a complete dissociation of the four Cl ligands. Because of the changes in the XANES edge shape, both postulated binding modes are feasible and should be taken into consideration. In 2009 an electron paramagnetic resonance (EPR) study on the interaction of **1** with human serum apoTf showed a slow binding of **1** via ligand exchange reactions to the protein.^[@ref28]^ In plasma samples of patients the fraction of **1**/apoTf adducts was smaller than 1%, but in vitro in the absence of other serum proteins the **1**/apoTf adduct formation took place within minutes.^[@ref26]^ The strong binding of **1** to the histidine residues of apoTf was reported from circular dichroism (CD) spectroscopy, electrospray mass spectrometry (ESI-MS), and gel filtration studies.^[@ref78]^ In a X-ray diffraction study the interaction with lactoferrin, a protein closely related to apoTf, could be shown.^[@ref79]^

Tissue Samples {#sec3.4}
--------------

The XANES spectra collected on tissue samples from mice treated with **1** and **2** are the same (see Figure [5](#fig5){ref-type="fig"}C). **2** is more soluble in water because of its sodium (Na) countercation, and although the pharmacologically active complex anion is identical and biological targets are therefore likely to be the same, it is somewhat less cytotoxic than **1** and differences in their intracellular distribution have been recognized in the past years.^[@ref6],[@ref26]^ The spectral features of the XANES spectra from all tissue samples are clearly different from that of solid **1**. Their edge shifts fall into the same energy region as seen for **1** in CS buffer (pH 3.5) up to 4 h of incubation at 37 °C. The XANES spectra bear resemblance to the reference spectra of Ru complexes with Ru(III)Cl~2~ON~3~ or Ru(III)Cl~2~N~4~ active sites. A S ligation in the tissue samples can be ruled out, since all S containing and Ru(II) model compounds are at lower energies. Possible oxidation/coordination assignments are depicted in Figure [7](#fig7){ref-type="fig"}. The two possible first shells Ru(III)Cl~3~N~2~(O/N), based on model compound data, and Ru(II)ClN~2~(O/N)~3~, derived from theoretical considerations, are the best matching structural motifs. The stepwise release of the Cl ligands throughout the course of application from the original Ru(III)Cl~4~N~2~ over a Ru(III)Cl~3~N~2~(O/N) to a Ru(II)ClN~2~(O/N)~3~ first shell environment is reasonable. A Ru(II) state would be in agreement with the physiological accessibility of the Ru(III)/Ru(II) redox pair^[@ref1]^ in the presence of a reducing agent and with the activation by reduction mechanism suggested for Ru^[@ref30]^ and other transition metals in cancer therapy like Pt(IV)/Pt(II).^[@ref33],[@ref80]^ The favored major average coordination of Ru in tissue is Ru(III)Cl~3~N~2~(O/N), which is also in agreement with the possible interaction with apoTf in the Ru(III) oxidation state. The micro-XRF distribution maps of Ru in tumor revealed the very good penetration of the drug into all regions of the tissue. Notably, a recent micro-XRF study on **1** and **13** in single SH-SY5Y cells showed a colocalization of the Ru and Fe concentrations inside the cells treated with **1** but not for **13** treated cells.^[@ref81]^ Furthermore, a change in iron distribution after treatment with **1** was seen, which provides further evidence for the interaction of **1** with the Fe homeostasis.

Conclusions {#sec4}
===========

XAS spectroscopy and micro-XRF were applied to study **1** in vitro and **1**/**2** in vivo. A XAS database of Ru model compounds representing possible coordinations and oxidation states of the Ru metal center was established. The results obtained by fitting theoretical EXAFS amplitudes and phases to the model compounds were in good agreement with the known crystallographic data. The concept of the coordination charge was adopted to correlate the coordination/oxidation environment with the measured energy shifts. This linear correlation was the basis for the assignment of coordination/oxidation states in solution and tissue spectra. XANES analysis on **1** in CS buffer (pH 3.5, 37 °C) suggests the replacement of an average of one Cl ligand through an O atom arising from the buffer solution or a N atom from the deprotonated indazolium countercation. The complex stayed predominantly in this coordination mode up to 4 h. After 8 h of incubation in CS buffer (pH 3.5) a change in the XANES spectra and a strong shift in the edge position by −2.5 eV were observed, pointing toward subsequent changes in the coordination/oxidation state of the Ru center. There is evidence for the release of one or more Cl ligands in carbonate buffer (pH 7.4) to a first coordination shell rich in O and/or N ligands. Under the same incubation conditions, in the presence of apoTf, a further dissociation of Cl ligands is indicated, and this is a hint for a possible interaction with apoTf. In the presence of GSH two coordination motifs would match the observed edge position: Ru(II)Cl~3~N~2~S and Ru(III)ClN~2~S~3~. XANES spectra measured on liver and tumor samples, taken from mice treated with **1** and **2**, revealed identical first coordination environments in vivo. The two most probable coordinations are Ru(III)Cl~3~N~2~(O/N) and Ru(II)ClN~2~(O/N)~3~. The results were independent of the dosages and schedules tested. PCA resulted in a first principal component describing 98% of the variance in all tissue samples. Micro-XRF studies confirmed the high penetration depth of **2** into the closer packed tissue regions. This is the first time coordination/oxidation pairs could be assigned to the drug directly in target tissue.

Experimental Section {#sec5}
====================

Sample Preparation {#sec5.1}
------------------

The model compounds were diluted in BN (Sigma Aldrich, CAS 10043-11-5, 99.5%), placed into aluminum sample holders, and sealed with Kapton foil. The BN preparations were prepared for a calculated absorption of about 1 absorbance unit according to standard methods.^[@ref82]^

The solution samples were prepared by suspending **1** (1 mM), **1** and GSH (0.5:2.5 mM) in 5 mM CS buffer (pH 3.5). **1** in the presence of apoTf (0.5:0.5 mM) and **1** (1 mM) as a reference were suspended in carbonate buffer (pH 7.4), as carbonate is necessary in the binding process to Tf. The resulting suspensions were placed into aluminum sample holders and sealed with Kapton foil. **1** in CS buffer samples were incubated at 37 °C for 30 min, 4 h, and 8 h, respectively. **1** in CS buffer in the presence of GSH was incubated for 5 h at 37 °C. **1** in carbonate buffer (pH 7.4) without and with apoTf was incubated for 30 min at 37 °C. After incubation the samples were flash frozen in liquid nitrogen. The XAS spectra were collected on the flash frozen samples at 20 K.

The tissue samples were taken from experiments performed in accordance with the European Community Guidelines for the use of experimental animals in the animal facility at the Cancer Research Institute, Slovak Academy of Sciences, Bratislava, Slovak Republic, and at the Cancer Research Institute at the Medical University of Vienna, Austria. The tissue material was placed into aluminum sample holders, sealed with Kapton foil, flash frozen in liquid nitrogen, and stored at −80 °C. The following tissue samples were measured: C1-tumor/liver (treated with 15 mg/kg **1**), B2-tumor/liver (7.5 mg/kg **1**), 148-1-tumor/liver (40 mg/kg **2**), B1/F1-liver (40 mg/kg **2**). Details for the buffer preparations and animal tests are given in the [Supporting Information](#notes-1){ref-type="notes"}.

Part of the tumor (SW480, mouse 148-1) samples from mice treated with **2** were fixed in ethanol and embedded in paraffin according to standard procedures. Consecutively cut thin sections of 5 and 10 μm were prepared. The 5 μm thick sections were mounted on glass slides and stained with H & E. The 10 μm thick sections were mounted on 4 μm thick Ultralene foil fixed on aluminum frames and used for the micro-XRF measurements.

Data Collection and Analysis {#sec5.2}
----------------------------

The XAS experiments were carried out at beamline BM26A at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.^[@ref83]^ The model compounds were measured in transmission mode, and the tissue samples and the drug solutions were collected in fluorescence mode. All experiments were conducted at cryogenic temperatures at 20 K. The energy dispersive micro-XRF experiments were conducted at the FLUO beamline at the Angströmquelle Karlsruhe synchrotron (ANKA, Germany) with a spot size of 10 μm.

The program packages ATHENA,^[@ref84]^ ARTEMIS,^[@ref84]^ IFEFFIT,^[@ref85]^ FEFF,^[@ref62],[@ref63]^ PySpline,^[@ref86]^ DL-EXCURV,^[@ref64],[@ref87]−[@ref89]^ Sixpack,^[@ref72],[@ref90],[@ref91]^ and PyMCA^[@ref92]^ were applied for the XAS and micro-XRF data analysis. The pre-edge background was removed by a linear approximation. The normalization was accomplished by fitting a quadratic polynomial (models) or a straight line (tissue and solution samples) to the postedge region. The edge position was determined over the first maximum in the first derivative. The EXAFS analysis followed standard procedures described in refs ([@ref82]), ([@ref85]), and ([@ref93]). The ab initio amplitude and phases were provided by the program packages FEFF7^[@ref94]^ and DL-EXCURV, respectively. The crystallographic values were used as an input for an initial structural model. The EXFAS signals were extracted using ATHENA and PySpline. The DL-EXCURV fits were performed on the *k*^3^-weighted EXAFS signals, and the FEFF7 fits were performed on the back-transform of the first peak in the FT. ARTEMIS and IFEFFIT were used to fit the FEFF7 amplitudes and phases. The program Sixpack was used to perform the PCA, LSF, and LCA in the energy range of 22100--22200 eV. The micro-XRF maps were analyzed with the program package PyMCA.^[@ref92]^ The detailed descriptions of the experimental setups and data extraction and analysis procedures are given in the [Supporting Information](#notes-1){ref-type="notes"}.

Coordination Charge {#sec5.3}
-------------------

The edge positions of XANES spectra are a combination of several features like valence, electronegativity of the first shell atoms, their coordination number, and the formal oxidation state of the central atom. Batsanov^[@ref95]^ introduced the concept of the coordination charge η to account for these factors. With increasing electronegativity of the neighboring atoms the edge positions are shifted to higher energies when the number of ligands stays the same.^[@ref69]^ The coordination charge η is defined as depicted in eq [1](#eq1){ref-type="disp-formula"}.^[@ref66]^where *m* is the formal oxidation state of the central metal, *c*~*k*~ is the degree of covalence of a bond *k*, and *n*~*k*~ is the number of such bonds.^[@ref66]^

The degree of covalence *c*~*k*~ is defined as 1 -- *I*~*k*~, where *I*~*k*~ is the ionicity of that bond. The ionicity is calculated using Pauling's formula (eq [2](#eq2){ref-type="disp-formula"})and depends on the electronegativity of the central Ru atom χ~M~ and the electronegativity of the ligand atom χ~L~.^[@ref65]−[@ref69]^ The coordination charge is calculated as in eq [1](#eq1){ref-type="disp-formula"} applying *I*~*k*~ calculated as in eq [2](#eq2){ref-type="disp-formula"}.^[@ref66],[@ref69]^ The change in electronegativity due to changes in hybridization state was not considered in these calculations.^[@ref96],[@ref97]^

Details on sample preparation, data collection, and analysis; animal test schemes in Table S1; FEFF7 and DL-EXCURV fits in Tables S2 and S3; LCA in Table S4; target transformations in Figure S1; LSF onto tissue samples in Figure S2. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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ANKA

:   Angströmquelle Karlsruhe

apoTf

:   apo-transferrin

BN

:   boron nitride

CD

:   circular dichroism

CS

:   citrate saline

CZE-ICP-MS

:   capillary zone electrophoresis inductively coupled plasma mass spectrometry

DFT

:   density functional theory

EPR

:   electron paramagnetic resonance

ESI-MS

:   electrospray ionization mass spectrometry

ESRF

:   European Synchrotron Radiation Facility

eV

:   electronvolt

EXAFS

:   extended X-ray absorption fine structure

FT

:   Fourier transform

GSH

:   glutathione

H & E

:   hematoxylin and eosin

HPCE

:   high performance capillary electrophoresis

HPLC--MS

:   high performance liquid chromatography--mass spectrometry

LCA

:   linear combination analysis

LSF

:   least-squares fitting

micro-XRF

:   micro X-ray fluorescence

PCA

:   principal component analysis

pta

:   1,3,5-triaza-7-phosphatricyclo\[3.3.1.1\]decane

RAPTA

:   ruthenium arene 1,3,5-triaza-7-phosphatricyclo\[3.3.1.1\]decane

SO~2~R^--^

:   sulfinate

SOR^--^

:   sulfenate

SR^--^

:   thiolate

Tf

:   transferrin

XANES

:   X-ray absorption near edge structure

XAS

:   X-ray absorption spectroscopy
